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A new mineralized tissue in the early vertebrate
Astraspis

Alfred Lemierre(is) and Damien Germain

CR2P, MNHN-CNRS-Sorbonne Université, Muséum National d'Histoire Naturelle, Paris, France

Abstract

The dermoskeleton of the earliest vertebrates is well known but their endoskeleton is thought to have been
largely cartilaginous until the Late Silurian. We confirm that the dermal plates of Astraspis are three-layered,
with a superficial layer of enameloid and orthodentine, a middle layer of aspidin and a basal layer of lamellar
acellular bone. This dermoskeleton is found in association with globular calcified cartilage, indicating the
presence of a partially mineralized endoskeleton. In addition to the classical three-layered organization, some
dermal plates exhibit alignments of chondrocyte-like lacunae, very similar to a pattern typical of chondroid
metaplastic bone, previously unknown in early vertebrates. This discovery implies the presence of a proliferative
cartilage, hitherto only known in Osteichthyans. This discovery indicates that a pattern similar to the first step

of endochondral ossification was already present in the earliest vertebrates.
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Introduction

Early vertebrates possessed an external skeleton composed
of bony plates (Janvier, 1996). Although their dermoskele-
ton is well known, their endoskeleton and its process of
development remain a matter of debate (Smith & Hall,
1990; Janvier, 1996; Donoghue & Sansom, 2002; Donoghue
et al. 2006).

The Harding Sandstone Formation was deposited during
the Upper Ordovician and has yielded a rich fauna of early
vertebrates (Allulee & Holland, 2005). Very few articulated
specimens have been discovered but, instead, a huge quan-
tity of bony fragments are available for study, especially on
bone histology. Among the recorded taxa, the pteraspido-
morphs Astraspis desiderata and Eriptychius americanus are
the most numerous. Other taxa, such as thelodonts, chon-
drichthyans and the enigmatic Skiichtys have also been
recorded (Sansom et al. 1996; Smith & Sansom, 1997). Some
fragments of globular calcified cartilage attributed to Erip-
tychius strew the blocks of Harding sandstone (Denison,
1967).

The first study of the Harding Sandstone Formation verte-
brates was published by Walcott (1892). It was followed by
Vaillant (1902) and de Ricglés (1995), who mainly focused
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on cellular bones, now attributed to Skiichtys. For many
years they have been the subject of numerous studies (Bry-
ant, 1936; Qrvig, 1958, 1989; Denison, 1967; Smith & Hall,
1990; Sansom et al. 1996, 1997; Smith & Sansom, 1997). The
aim of this study is to describe for the first time new histo-
logical structures observed in the iconic taxon Astraspis.

Materials and methods

Some blocks of Harding sandstone were collected by Marcellin
Boule and Albert Gaudry, Professors at the Muséum national d’His-
toire naturelle (Paris, France) during a field trip organized by
Charles Doolittle Walcott in the framework of the Fifth Interna-
tional Geological Congress in 1891 and are stored with the collec-
tion number MNHN.F.1891-20. The blocks were then embedded in
resin and thin-sectioned. The sections were polished to a thickness
of about 80 pm. Pictures were taken with a digital camera (Canon
EOS 6D) adapted on a microscope Olympus CX31P with the Micro
Tech Lab DSLRCFTC_Pro and TUST42C models.

Results

The dermoskeleton of Astraspis is a three-layered skeleton:
a superficial layer of odontodes (L1), a thick and trabecular
middle layer (L2) of anosteocytic bone, termed aspidin
(Keating et al. 2015) and a basal layer (L3) composed of thin
anosteocytic lamellar bone, which in some plates embeds
columns of ovoid spaces (Fig. 1).

Superficial layer (L1)

The tubercles are composed of a hypermineralized capping
tissue and an acellular dentine layer underneath that
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constitutes the majority of the tubercles. The capping tissue
is thick (about 50 um), translucent and structureless, apart
from numerous fine tubules extending throughout the
whole layer (Fig. 2A). This is compatible with its interpreta-
tion as monocrystalline enameloid (Sansom et al. 1997). The
main component of the tubercles is a layer composed of
acellular dentine, penetrated by numerous, about 5-um-
wide tubules, which depart from the pulp cavity (Fig. 2B).
In most cases, the pulp cavity is secondarily filled with den-
tine deposit (Fig. 2C) and is difficult, or even impossible, to
observe. This is compatible with its interpretation as ortho-
dentine (Sansom et al. 1997).

Middle layer (L2)

This very thick layer, sometimes overlapping the basal layer,
is composed of a centripetal deposit of bony tissue around
vascular canals (Fig. 3A). In polarized light, these deposits
form oval structures around canals, called aspidone (Sansom
et al. 1997). These aspidones are separated by unlaminated
collagen matrix (Fig. 3B). This layer is devoid of any cell
spaces, and thus considered anosteocytic (Sansom et al.
1997) and is similar to the middle layer (L2) described by
Keating et al. (2015, 2018) in the Heterostracan dermoskele-
ton, used to define aspidin (Gross, 1930).

Additionally, some plates of Astraspis exhibit, near the
vascular spaces, small lacunae (3-5 um) embedded between
the accretion lines. They seem to be rounded or ovoid, flat-
tened spaces. We also did not observe any ramification
sprouting from these spaces. These lacunae are aligned

Fig. 1 Histological section of a dermal plate
of Astraspis, showing the different layers,
labelled, with arrows indicating the chondroid
layer. Scale bar: 1 mm. [Colour figure can be
viewed at wileyonlinelibrary.com]

radially around the vascular spaces (Fig. 3C), inside the aspi-
dones.

Basal layer (L3)

This layer is composed of anosteocytic bone, with lamina-
tion of collagen bundle fibres more or less parallel to the
base of the plates (Fig. 4A,B). They represent the different
accretion phases of the layer. Cutting these incremental
lines perpendicularly, fine laminations are visible in polar-
ized light (Fig. 4B). In some dermal plates, other, coarser,
perpendicular laminations, (about 5 um of diameter) can
be observed (Fig. 4) and are interpreted as Sharpey’s fibre
bundles.

Some specimens of Astraspis plates exhibit additional fea-
tures, never before observed in this taxon.

Interestingly, the fine lamination present in the basal
layer, and cutting across the deposit lines (Fig. 4C,D),
embed small, flattened and ovoid spaces (about 9-10 um)
that are devoid of any ramifications. Unlike those
observed in the middle layer, when varying the focus
through the thickness of the thin section, we can observe
that they really are flattened, ovoid structures. They are
organized in linear stacks, forming columns of about a
dozen spaces more or less parallel to each other (Fig. 5A).
The laminations in this unusual and rare (observed in
about 10 elements) layer, form wavy lines more or less
parallel to the base of the layer. Additionally, the basal
and middle layer are clearly separated by a conspicuous
delimitation (Fig. 5B).

© 2019 Anatomical Society
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Fig. 2 Histological sections through the superficial layer of Astraspis
dermoskeleton. (A) Odontode showing the two layers composing the
superficial layer. (B) Zoom on the enameloid layer. (C) Zoom on the
dentine layer, showing the pulpar cavity. acc.In, accretion lines; dt,
dentine; em, enameloid; p.c, pulpar cavity; tb.dt, dentine tubule;
tb.em, enameloid tubule. Scale bars: 100 um. [Colour figure can be
viewed at wileyonlinelibrary.com]

This layer (L3) was also found in association with a frag-
ment of calcified globular cartilage characterized by circular
deposits forming Liesegang rings (Fig. 6A-C). Fragments of
globular calcified cartilage can be observed throughout our
sections (Denison, 1967) (Fig. 6D). Since this basal layer (L3)
is only observed in Astraspis, we can assume that dermal
elements with both this layer and the one of globular calci-
fied cartilage came from this taxon as well.

© 2019 Anatomical Society
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Fig. 3 Histological sections through the middle layer of Astraspis. (A)
Section showing the middle layer, with aspidone. (B) Section in polar-
ized light, highlighting the aspidone present around the vascular
space. (C) Zoom on an aspidone exhibiting small spaces interpreted as
cell lacunae. aspd, aspidone; lac, lacunae; v. sp, vascular space. Scale
bars: 100 um. [Colour figure can be viewed at wileyonlinelibrary.com]

Discussion

The endoskeleton of Astraspis

In the Harding Sandstone Formation, no dermal plates of
Eriptychius (whose dermoskeleton is relatively similar to
that of Astraspis) have been observed with this new basal
layer, making it unique to Astraspis. Globular calcified carti-
lage fragments found in the Harding sandstone are often
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Fig. 4 Histological sections through basal layers of Astraspis. (A) Section showing the basal layer of Astraspis, with white line indicating the limit
with the middle layer. (B) Same section in polarized light, showing the structure of the layer. (C) Basal layer exhibiting small space, stacked in col-
umns, interpreted as chondrocyte-like cell lacunae. (D) Same section in polarized light with white arrows indicating chondrocyte-like cell lacunae.
acc.In, accretion lines; aspd, aspidone; lac, lacunae. Scale bars: 100 um (A,B); 50 um (C,D). [Colour figure can be viewed at wileyonlinelibrary.c

om]

found isolated, without any bone attached, but one study
recorded it associated with Eriptychius dermal plates in one
partially articulated specimen (Denison, 1967).The associa-
tion between this ‘basal’ layer and fragments of calcified
globular cartilage can be either the consequence of an inci-
dental taphonomic processes or a real anatomical connec-
tion between globular calcified cartilage and dermoskeletal
plates of Astraspis. When observing the connection
between the two layers (Fig. 6A), there is no evidence of a
connection due to taphonomy. This is compatible with the
calcified cartilage being part of the Astraspis skeleton.

This implies that both Astraspis and Eriptychius possessed
an endoskeleton made of globular calcified cartilage. In
Eriptychius, this endoskeleton is partially mineralized and
its extension is still debated (Denison, 1967). A similar posi-
tion for the cartilage in Astraspis can be proposed, suggest-
ing that it possessed a partially mineralized endoskeleton as
well. We have very little knowledge of the extension of the
mineralized elements of the endoskeleton in Ordovician
vertebrates. It is hypothetical to propose an extension or a
location within the endoskeleton for these elements, but

judging from those that are mineralized in the Galeaspida,
which also possess a partially mineralized endoskeleton
composed of globular calcified cartilage (Wang et al. 2005),
Astraspis could have possessed a mineralized endoskeleton
in the cephalic region.

Cell lacunae in Astraspis

We excluded the hypothesis of fungal ascospores, despite
quite a similar columnar organization. The cells in ascos-
pores are much less flattened and they do not appear in
the fossil record before the Devonian (Taylor et al. 1999).
The described Ordovician fungi are definitely not Ascomy-
cetes and their morphology is totally different from what
we observe here (Redecker et al. 2000).

It is surprising that such alignments of cell lacunae have
never been observed before, despite the numerous histo-
logical studies on Astraspis (Bryant, 1936; Denison, 1967;
Sansom et al. 1997). We also observed the historical thin
sections of Vaillant, where none of these structures were
present. This suggests that this tissue is rare along the body

© 2019 Anatomical Society
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Fig. 5 Histological sections through the new basal layer of Astraspis,
and comparison with metaplastic layer. (A) Zoom on chondrocyte-like
cell space area. (B) Zoom on the junction between the middle layer
and the basal layer with dotted line indicating the limit. (C) Example
of metaplastic bone resting on a proliferative cartilage (taken from
Haines & Mohuiddin, 1968). acc.In, accretion lines; aspd, aspidone;
ch.lac, chondrocyte lacunae; lac, lacunae; ML, metaplastic layer; PC,
proliferative cartilage. Scale bars: 50 um (A,B); 100 um (C). [Colour
figure can be viewed at wileyonlinelibrary.com]

of Astraspis and that it is localized only in some particular
parts of the head shield.

They are ovoid, flattened spaces. This is incompatible with
collagen fibre bundles, which are not are not arranged in
such a linear pattern, but is compatible with cell lacunae.

In the Harding formation, one taxon, Skiichthys, exhibits
cellular hard tissues in its dermoskeleton. In this taxon,

© 2019 Anatomical Society
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odontocytes and osteocytes are ovoid in shape, not flat-
tened, and possess small ramifications that housed canali-
culi (Fig. 7A,B), with a size about 3-5 pm. In Astraspis, the
lacunae observed in the middle layer have roughly the same
size, have no ramifications and resemble those observed in
Ritchieichthys (Sansom et al. 2013).

However, the lacunae present in the basal layer of Astras-
pis are incompatible with osteocytes because of their ovoid,
flattened shape and their absence of ramifications. The
position of this layer, at the base of the dermoskeleton, is
highly incompatible with odontoblast cell spaces, as they
are characteristic of dentine, a superficial acellular tissue in
Astraspis. When compared with chondrocyte cell lacunae,
their size, 9-10 pm, is < 50% of those in extant vertebrates
(Freitas, 1999), but it is close to the size of some chondro-
cyte cell spaces found in the mineralized tissue of several
extinct vertebrates. In Euphanerops, the smallest chondro-
cytes are about 11-13 um (Janvier & Arsenault, 2002) and in
Paleospondylus, the small hypertrophied chondrocyte
spaces are about 12-14 ym (Johanson et al. 2010). More-
over, chondrocytes are known to form similar columns of
cells, called isogenic axial groups. Spaces in the basal layer
of Astraspis are indeed compatible with chondrocyte cell
spaces.

Although these plates of Astraspis possess a cellular bone
layer, the majority of Astraspis plates remain with an anos-
teocytic basal layer.

This new layer described herein seems to exhibit the char-
acteristics of both bone and cartilage (the presence of
aligned chondrocyte-like cell spaces). This is characteristic of
chondroid bone (Witten et al. 2010). This new basal layer of
Astraspis then represents the first evidence of chondroid
bone in the fossil record (Smith & Hall, 1990). Moreover, this
chondroid layer is similar to a type of metaplastic bone
identified by Haines & Mohuiddin (1968). In their study, a
metaplastic bone layer displays isogenic axial groups of
chondrocyte cell lacunae embedded inside a collagenous
(bony) matrix rather than in a cartilaginous matrix (Haines
& Mohuiddin, 1968). This tissue presents columns of chon-
drocyte spaces embedded inside the matrix by lamination
that cross-cut the incremental growth lines of deposit (more
or less parallel to the base of the layer). These lines take the
form of wavy and/or rhythmic sinuous lines, showing the
different growth phases. It is formed by the progressive
mineralization front in the collagen matrix of proliferative
cartilage, where chondrocytes are stacked as columns
(Haines & Mohuiddin, 1968). It is clearly separated from the
cancellar bone layer above by a line more or less parallel to
the others (Haines & Mohuiddin, 1968). This is compatible
with the tissue microstructure presented here, as it shows
stacks of chondrocyte-like cell lacunae arranged in columns,
within a bone matrix, with wavy lines more or less parallel
to its base (Fig. 5). We can observe a line, more or less paral-
lel, that clearly separates the aspidin layer from the chon-
droid layer (Fig. 5B), similar to that seen in the metaplastic
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Fig. 6 Histological sections through element of Astraspis. (A) Section showing the basal layer of Astraspis associated with global calcified cartilage.
(B) Zoom showing the basal layer exhibiting the chondroid bone layer. (C) Zoom on the global calcified cartilage layer, showing Liesegang rings
around cell spaces. (D) Example of globular calcified cartilage found in Harding sandstone. b.l, basal layer; gcc, globular calcified cartilage; lac,
lacunae; L.r, Liesegang rings. Scale bars 100 um. [Colour figure can be viewed at wileyonlinelibrary.com]

tissue (Fig. 5C). The microstructure of the chondroid bone
layer in Astraspis is compatible with the type of metaplastic
bone described by Haines & Mohuiddin (1968).

In extant vertebrates, metaplastic bone tissues can occur
within the endoskeleton in areas of strong attachments,
such as in tendons (Haines & Mohuiddin, 1968; Adams &
Organ, 2005), or during the endochondral ossification of
long bones (Haines & Mohuiddin, 1968). In the endoskele-
ton, this layer is situated underneath a layer of cancellar
bone and overlies a layer of hyaline cartilage (Haines &
Mohuiddin, 1968). In Astraspis, this chondroid layer is also
situated beneath a layer of cancellar bone (Fig. 8) and some
plates seem to exhibit a layer of globular calcified cartilage
underneath this tissue (Fig. 6A). This is compatible with the
location of the metaplastic bone layer within the skeletal
structure, as globular calcified cartilage is considered as a
type of hyaline cartilage, known in extant sharks (Adams &
Organ, 2005).

Its position is more ambiguous, as it seems to be at the
base of the dermoskeleton, which would imply that carti-
lage was part of the dermoskeleton during the first phase
of its growth. However, cartilage is not known in any

vertebrate dermoskeleton (Donoghue et al. 2006) and is
considered ‘unique’ to the endoskeleton; however, chon-
droid bone and chondrocyte-like cells can occur during the
development of dermal bones of archosaurians (Vickaryous
& Hall, 2008).

The following processes of osteogenesis have been identi-
fied by Haines & Mohuiddin (1968). Metaplastic bone ossifi-
cation first starts inside proliferative hyaline cartilage,
where chondrocytes multiply and organize themselves into
columns, termed isogenic axial groups (Hall, 2014). The tis-
sue then undergoes metaplasia, where the cartilaginous
matrix is progressively replaced by a bone matrix through
the transfer of components by the bone layer that lies
above it (Haines & Mohuiddin, 1968; Hall, 2014). In this tis-
sue, lines can be observed inside the layer, representing dif-
ferent stages of bone growth (Haines & Mohuiddin, 1968).
This implies an endoskeletal ossification for this kind of
bone tissue. Concerning the chondroid bone layer of Astras-
pis, we have few clues that could help us to define its
growth pattern. We see some wavy lines (Fig. 5B), which
represent the different accretion phases, similar to the ones
seen in metaplastic bone (Fig. 5C; Haines & Mohuiddin,

© 2019 Anatomical Society
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Fig. 7 Histological section through dermal elements of Skiichthys. (A)
Zoom showing the cellular dentine and enameloid layer. (B) Zoom
showing the basal cellular layer. dt, dentine tubule; em, enameloid;
od, odontocyte space; ost, osteocyte space. Scale bars: 100 um. [Col-
our figure can be viewed at wileyonlinelibrary.com]

1968). In conclusion, structures characteristics of the growth
pattern can still be observed, and are compatible with a
metaplastic ossification. However, no non-mineralized pro-
liferative cartilage or any somewhat similar structure can be
observed either in the layer or in the calcified cartilage layer
that can be found beneath. As in the previous observations
by Haines & Mohuiddin (1968), the process of metaplasia
and mineralization may have occurred just after the prolif-
eration phase.

Nevertheless, Astraspis ‘new’ basal layer is indeed chon-

droid bone and is compatible with the characteristics of
metaplastic bone layer.

A similar pattern to endochondral ossification?

The presence of metaplastic bone in the internal parts of
the dermoskeleton of Astraspis shows that some dermal
plates were built not only by dermal ossification but also
included an endoskeletal component. We can assume that
the head region included a cartilaginous braincase overlain
by and connected to the dermal cephalic shield. The pres-
ence of a metaplastic bone layer implies that during the

© 2019 Anatomical Society
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Fig. 8 Schematic interpretation of the dermoskeleton of Astraspis.
ext., external face; int., internal face; vc, vascular canals. [Colour fig-
ure can be viewed at wileyonlinelibrary.com]

growth of the dermo- and endoskeleton, a proliferative car-
tilage was present, at least around the area where the der-
mal plates exhibit this layer. This proliferative cartilage
would have a structure similar to the one observed in the
new layer described here, but with a non-mineralized carti-
lage matrix (Hall, 2014). This structure is very similar to the
first step in endochondral ossification (Francillon-Vieillot
et al. 1990), as metaplastic bone is associated with it (Haines
& Mohuiddin, 1968). This does not mean that endochondral
ossification occurred in Astraspis, as we found no evidence
of the next steps of this ossification process: hypertrophic
zone, calcification zone, destruction of the calcified carti-
lage and its replacement by bone (Francillon-Vieillot et al.
1990). Interestingly, the second step of the endochondral
ossification can be found in Paleospondylus (Johanson et al.
2010), but without the other steps being present. This is also
different from the endoskeletal growth of Osteostracans,
essentially composed of perichondral bone, or of Galeaspids
and Eriptychius, which only show globular calcified carti-
lage as an endoskeletal mineralization, with no layer of
proliferative cartilage either known or supposed to be pre-
sent.

A main difference from the endoskeleton of Osteostra-
cans is that the latter is made of perichondral bone or glob-
ular calcified cartilage (Janvier, 1996), whereas in Astraspis,
it corresponds to a peri-osseous calcified cartilage. In
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Galeaspids, the endoskeleton never shows any cell lacuna
(Janvier, 1996; Min & Janvier, 1998; Wang et al. 2005).

Nevertheless, the histological structures involved in the
first steps of endochondral ossification were already present
in the Ordovician vertebrate Astraspis. It is difficult to assess
whether this is a primitive feature among all vertebrates, or
if the proliferative zone appeared twice, in Astraspis and in
Osteichthyans (Fig. 9). In the case of a plesiomorphic condi-
tion, the absence of such a chondroid bone in all Paleozoic
agnathans, except for Astraspis, may be due to a lack of
endoskeletal calcification in most taxa. This implies that,
although the presence of a proliferative cartilage is ple-
siomorphic, the mineralization of this cartilage would be
homoplastic (Fig. 9). If we consider a homoplastic appear-
ance of proliferative cartilage, we suggest that the verte-
brate chondroblasts acquired very early the ability to grow
by forming isogenous axial groups and that this ability ulti-
mately favoured the appearance of the true endochondral
ossification in Osteichthyans.

Conclusion

Our study demonstrates the need to continue histological
studies on already well-known taxa and that the classical
techniques of thin-sectioning and optical microscopy are
still essential in the understanding of ancient ossification
processes. The modern analytical methods such as com-
puted tomography scans, synchrotron light microtomogra-
phy, geochemical approaches, etc., can obviously bring

-«——— perichondral bone

Fig. 9 Representation of the evolution of the
dermoskeleton/endoskeleton interaction in
1 early vertebrates (modified after Keating et al.

2018). In Astraspis, the mineralized
endoskeleton and the proliferative cartilage
appear simultaneously. In other vertebrates,
the mineralized endoskeleton appears in the
clade Galeaspida(Osteostraci(Gnathostomata))
and the proliferative cartilage appears with
the true endochondral ossification in
Osteichthyans. [Colour figure can be viewed
at wileyonlinelibrary.com]

mineralized endoskeleton
proliferative cartilage

forth new data but are thus complementary and will not
completely replace the old histological techniques. This
study sheds some light on the skeleton of one of the earli-
est mineralized vertebrate, with the first evidence of chon-
droid bone in an Ordovician vertebrate. It confirms that
the dermoskeleton of Astraspis is three-layered, with a
superficial layer of enameloid and orthodentine, a middle
layer of aspidin and a basal layer of acellular bone. Some
dermal plates exhibit a basal layer of chondroid metaplastic
bone. This basal layer is associated with the mineralization
of the endoskeleton into globular calcified cartilage,
though only partially. This chondroid metaplastic bone tis-
sue exhibits a proliferative cartilage layer, which resembles
the first step in endochondral ossification. This suggests
that the various steps of the endochondral ossification
were established during early vertebrate evolution, but
remained unmineralized.
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